Background/Objectives: To evaluate the relationship between the severity of cervical spinal cord injury (SCI) (American Spinal Injury Association [ASIA] grade), presence of neurogenic shock, and timing of surgical intervention. This is a post-hoc analysis from the Sygen multicenter randomized controlled trial.
INTRODUCTION
Acute injury to the spinal cord in humans, especially at the cervical level, results in severe hypotension and persistent bradycardia that are common components of the phenomenon known as neurogenic shock (1, 2) . This event is more profound and long lasting in humans after spinal cord injury (SCI) than in experimental animals (3) . In addition to neurogenic shock, the acute phase of SCI is also associated with ''spinal shock'' (4, 5) . Some authors use these terms interchangeably; however, it is important to recognize that these are 2 clinically important and distinct conditions. Neurogenic shock is characterized by changes occurring in blood pressure control following SCI, whereas spinal shock is characterized by a marked reduction or abolition of sensory, motor, or reflex function of the spinal cord below the level of injury (4) .
Low arterial blood pressure (BP) and the presence of neurogenic shock (BP , 90 mmHg) after SCI may result in ischemia of the spinal cord and are potential contributing factors to the cascade of the secondary mechanisms involved in further damage of fragile neuronal tissue (6, 7) . Hypoperfusion of the spinal cord could result both from low systolic BP (SBP) and from mechanical compression of the spinal cord (8) (9) (10) . Increases in systemic blood pressure may improve perfusion to the injured, distorted spinal cord (11) (12) (13) . Several contemporary series of spinal cord injured patients treated with aggressive medical management with maintenance of mean arterial blood pressure in the high normal ranges (85-90 mmHg) have suggested improved neurological outcomes with this management plan (13) (14) (15) . Presently, there is no consensus as to whether it is better to achieve surgical decompression of the spinal cord early or to postpone the procedure until patients are more stable (16, 17) .
Many clinical and experimental studies in the area of SCI have been predominantly focused on evaluation of motor and sensory consequences of this devastating injury. The present analysis was performed to examine the association between the timing of surgery and the severity of hemodynamic instability in the acute period following cervical SCI (18) . First, we evaluated whether the hemodynamic parameters varied according to the severity of the injury. Second, we examined the change in the hemodynamic parameters over time between the time of the first emergency room assessment to the time of randomization. Finally, we evaluated whether the time from injury to surgical intervention was affected by the presence or absence of neurogenic shock in patients with different severities of cervical SCI.
METHODS
A post-hoc analysis from the Sygen multicenter randomized controlled trial (18) was performed to evaluate the relationship between the severity of SCI (American Spinal Injury Association [ASIA] grade) and cardiovascular parameters in patients with cervical SCI. The ASIA grades were categorized into motor and sensory complete ASIA A, motor complete ASIA B, and motor incomplete ASIA C/D (19) . Similar to previous analyses of Sygen trial patients, ASIA C/D were combined in 1 group due to the very small numbers in ASIA D (20) . The Sygen trial excluded patients who had severe thoraco-abdominal injuries that precluded the ability to determine the ASIA grade (21) .
For this study, we obtained descriptive statistics regarding the systolic BP, diastolic BP (DBP), and heart rate (HR) recorded at different times in the Sygen study. The data were obtained at the time of the first emergency room admission, at the Sygen center (which may have been the first emergency room), and at the time of randomization. The hemodynamic parameters obtained at each time point were recorded and used for analysis. Data regarding management of hemodynamic parameters by either volume substitution or vasopressors were not evaluated in this study. Demographic data such as the age and gender of the patient along with the cause of injury (categorized into automobile accident, fall, gunshot wound, water-related injury, and other) were collected. The severity of SCI, utilizing the ASIA scale, was determined at different times during the Sygen study. For purposes of this study, we used the first reliable ASIA grade obtained for randomization (within 72 hours post injury). Features regarding the spinal column injury and subsequent treatment included presence of a spine fracture, need for traction, anterior vs posterior surgical approach, and the time from initial spine injury to surgical intervention.
The analysis consisted of 3 components. The first part evaluated whether the hemodynamic parameters varied according to the severity of cervical SCI at different times. The second aspect of the analysis evaluated the change in the SBP, DBP, and HR over time. Lastly, the study evaluated whether the time from injury to surgical intervention was affected by the level of SBP (ie, presence or absence of neurogenic shock, SBP , or ! 90 mmHg) in different severities of cervical SCI (22) .
Hemodynamic Parameters and ASIA Grade
The first part of this study endeavored to determine whether each of the hemodynamic parameters (SBP, DBP, and HR) varied according to the severity of spinal cord injury (ASIA grade).
The means and standard deviations for each of the parameters were obtained for each of the ASIA grades and at each of the time points. Hemodynamic parameters in this study were measured at different time periods from the time of initial evaluation after the injury to the time of randomization. Time A reflected the time point of measurements of BP and HR at the initial emergency room, which may have been the Sygen center. Time B was denoted as the time of evaluation of hemodynamic parameters at randomization. One-way analysis of variance (ANOVA) between group designs was used to analyze the differences in the means of each parameter for the ASIA grades. The Tukey-Kramer HSD (honestly significant difference) was used to perform the multiple comparisons between the groups (ASIA grade) for the hemodynamic parameters.
Change in Hemodynamic Parameters Over Time
The second aspect of this study determined whether there was a significant change in each of the hemodynamic parameters over time. The univariate one-way ANOVA (repeated measures design) was used to evaluate the SBP, DBP, and HR.
Neurogenic Shock and Timing of Surgical Intervention
The last component of the analysis involved subdividing the data into cases with SBP of ,90 mmHg and cases with SBP of !90 mmHg, at the time of the first emergency room visit (Time A). Medians and standard deviations were obtained for the hemodynamic parameters and for the hours from the time of injury to surgical intervention. Data were also obtained on other variables that may affect the time from injury to surgical intervention. The distribution of the age of the patients, gender of the patients, presence of spinal fracture, type of surgical intervention (anterior vs posterior), requirement for traction, and presence of an intermediate stopover prior to arrival at the surgical center were also obtained. The above was performed for each of the ASIA grades. Cases were deleted for this aspect of the analysis if the SBP at Time A was missing. The semiparametric log-rank statistic or the Wald statistic was performed for the time to surgery from SBP and each of the potential confounding variables for each of the ASIA grades (23) .
All covariates that reached a statistical significance of less than 0.2 or those that posed a clinical significance were entered into the analysis. The analysis was performed separately for each of the ASIA grades using the nonparametric Cox proportional hazard model to determine the significance of SBP in predicting time from injury to surgery, after adjusting for the potential confounding variables. The hazard ratios for the regression coefficients and their 95% confidence intervals (CI) were obtained. The proportional hazard assumption was assessed by determining the significance of an interaction term of each variable of interest with time. The statistical analysis was performed using the JMP (software by Statistical Analysis System, Inc. Cary, NC).
RESULTS
The Sygen trial randomized a total of 760 patients from 28 centers in North America (18) . The majority of the individuals sustained cervical SCI (577, 75.9%) and were included in the present study. The median age of the Hemodynamic Parameters and Severity of SCI At the time of arrival at the first emergency room (Time A), the mean SBP was 112.2 mmHg for ASIA A, 110.5 mmHg for ASIA B, and 117.6 mmHg for ASIA C/D patients (Table 2a) . One-way ANOVA revealed a statistically significant (P ¼ 0.036) difference in the mean SBP for the different ASIA grades. At time A, the SBP was significantly higher for the ASIA C/D group than the ASIA B group (P ¼ 0.0356). The DBP did not vary significantly according to the severity of SCI at Time A (P ¼ 0.097). There was a statistically significant difference in the DBP according to severity of SCI at Time B (P ¼ 0.0011, Table 2b ). Tukey's HSD test revealed that ASIA C/D had a significantly higher DBP than ASIA A at Time B. There was a significantly lower HR for ASIA A than ASIA C/D at Time A (P ¼ 0.025), yet this difference was not observed at Time B (P ¼ 0.761, Table 2c ).
Changes in Hemodynamic Parameters Over Time
From Time A to Time B, the hemodynamic parameters showed improvement in all groups of individuals with cervical SCI. Repeated measures analysis revealed a statistically significant increase in SBP over time after injury (univariate G-G epsilon, P , 0.0001). For example, SBP in individuals with ASIA A SCI increased by 8.2% at the time of randomization (from 112.2 6 24.7 mmHg to 121.4 6 18.9 mmHg, Table 2 ). However, HR decreased significantly over time (univariate G-G epsilon, P ¼ 0.0086). There was no significant change in the DBP over time (P ¼ 0.15).
Neurogenic Shock and Timing of Surgical Intervention
The last aspect of the analysis evaluated the effect of SBP at admission on the timing of surgical intervention. A total of 74 (13%) patients with neurogenic shock (SBP , 90 mmHg) at Time A were identified (Table 3 ). There was a significantly higher number of patients with neurogenic shock in the ASIA A (17%) and B (18%) groups than in ASIA C/D (7%) ( Table 3) . A predominant cause of the SCI in these individuals was MVCs. Spine fractures were seen in 80% of the patients, traction was required in 56%, and surgical interventions in 82%. The median time from initial injury to surgery was 66.9 hours for patients sustaining a cervical SCI. The median time from initial injury to surgery varied according to the ASIA grade at randomization and SBP at Time A. The median time to surgery for ASIA A patients with SBP , 90 mmHg was 80.9 hours, which was significantly greater than the 58-hour time to surgery for ASIA A patients with a SBP ! 90 mmHg (P ¼ 0.025; Table  3a , and Figure 1 ). The time to surgery did not vary significantly for ASIA B (P ¼ 0.82) and ASIA C/D (P ¼ 0.65) patients according to SBP, based on bivariate analysis (Table 3b and c and Figure 1 ). These results were confirmed by multivariate analysis (Table 4) . Some of the covariates revealed to be statistically significant (P , 0.2) included the age of the patient (P ¼ 0.14), cause of injury (P ¼ 0.093), presence of traction (P ¼ 0.026), presence of a spine fracture (P ¼ 0.092), and type of surgery (P ¼ 0.093) for ASIA B cases, while cause of injury (P ¼ 0.099), presence of a spine fracture (P ¼ 0.065) and type of surgery (P ¼ 0.037) were also significant for ASIA C/D cases. The clinical significance of these covariates in predicting time to surgery is unclear in this post-hoc analysis.
DISCUSSION
Spinal cord injury results in injury to the descending pathways that are involved in autonomic control (24) (25) (26) . In particular, the loss of descending tonic sympathetic control has been implicated as a major cause of the cardiovascular instability during the acute posttraumatic stage (27) (28) (29) . Low arterial blood pressure and persistent bradycardia are common features of the neurogenic shock that occurs after injury to the spinal cord.
Previously, numerous investigators have examined the effect of acute SCI on hemodynamic parameters in humans. However, either the number of patients was limited or the authors failed to evaluate the association between the severity of SCI and cardiovascular abnormalities. Lehmann et al examined 48 consecutive patients with cervical SCI and demonstrated that 68% of patients with severe SCI were hypotensive (30). Levi et al examined cardiovascular parameters in the acute period of cervical SCI in 50 patients (13) . Hypotension was present in 23.6% (7 of 31) of patients with severe SCI (Frankel A), and 9.1% (1 of 11) of patients with less severe injuries (Frankel C/D). Recently, Bilello et al evaluated 83 individuals with cervical SCI and indicated that 29% had experienced neurogenic shock in the acute period of SCI. These authors also showed that there was no significant difference in the presence of neurogenic shock between patients with upper cervical SCI (C1-C5) and lower cervical SCI (C6-C7), 31% vs 24%, respectively (31) . However, patients with upper cervical SCI had a greater need for cardiovascular interventions (24%) than did patients with lower cervical SCI (5%). Unfortunately, this study did not comment on the severity of cervical SCI and presence of neurogenic shock. In our study the total number of individuals with neurogenic shock was 13%; however, individuals with severe cervical SCI had a frequency of neurogenic shock comparable to previous reports. In our study, neurogenic shock was observed in 17% of individuals with ASIA A and in 18% of individuals with ASIA B.
We have shown that the severity of cervical SCI correlates with the severity of abnormal cardiovascular control. We found that SBP measured at the first emergency room assessment in individuals with ASIA B was significantly lower than in individuals with less severe SCI (ASIA C/D) (P ¼ 0.0356). We also found that bradycardia was more pronounced in the early period of SCI in individuals with ASIA A than in individuals with ASIA B and C/D (P ¼ 0.0252). Although we do not have the information on fluid management or vasopressive drug use in these patients, our data showed that hemodynamic parameters were improved significantly in all patients by the time of randomization (Table 2) . Previously, we reported that baseline physiologic measurements taken at the time of randomization were improved from these study center admission values, implying early treatment of hypovolemia and restoration of blood pressure. This is presumably important in preventing secondary physiologic injury early after SCI. The EMT and SCI study centers have protocols for SCI that call for early mechanical stabilization and resuscitation (18) . There were no significant differences in SBP, DBP, and HR between the groups at the time of initiation of drug therapy.
With respect to neurogenic shock, our study indicated that total of 13% (74 of 577) patients with cervical SCI suffered this condition. The majority of these Figure 1 . Effect of presence of neurogenic shock on time of surgical decompression in patients with cervical SCI. * represents a statistically significant difference (P ¼ 0.025).
patients sustained severe (14.5%, ASIA A) or moderate (15%, ASIA B) injuries (Tables 3 and 4) .
The authors of this study were aware that hypotension following SCI could be attributed not only to the injury to the spinal cord, but also to associated traumatic injuries resulting in hypovolemia. However, patients with significant injuries to the chest, abdomen, or extremities were excluded from the study (18) .
Finally, we examined the association between the presence of neurogenic shock and the timing of surgical decompression in patients with cervical SCI in the Sygen clinical trial. The rationale for this part of our study was based on previous animal experimental data and ongoing clinical discussion on value of acute decompression following SCI. Although no prospective clinical studies have been conducted to assess the effect of hypotension on acute SCI in humans, numerous experimental studies in animals suggested that hypotension contributes to the secondary injury after SCI (7, 10) . Hypotension results in decrease of blood flow in the spinal cord and consequent ischemia. Moreover, hypotension in the acute period of SCI in animals is also associated with worsening of neurological recovery (32) . Our data showed that the median time from injury to surgical decompression varied according to the severity of SCI and presence of neurogenic shock. Patients with severe SCI (ASIA A) and neurogenic shock on average were operated on 30 hours later than patients with similar injuries but without hypotension. A previous study by the Sygen group had also shown that injury severity affected timing to surgical decompression; ASIA B had significantly earlier surgery than ASIA A and C/D (33).
The current study did not compare timing to surgery based on injury severity, but compared timing based on SBP for each of the ASIA grades separately. We also acknowledge that other factors (differing physician philosophies on optimal surgical timing) could also influence the timing of surgical intervention (18) . We also acknowledge that these facts could contribute to possible error in our analysis. However, this is not random, but systematic to factors determining the care of the patient and arising from the individual physicians' judgment. It is potentially a source of bias, not random error. A number of other covariates were also noted to be statistically significant (such as age of the patient, cause of injury, presence of traction and of a spine fracture).
The significance of these is unclear in this post-hoc analysis.
CONCLUSION
This study presents a temporal evaluation of the hemodynamic parameters in the acute period following cervical SCI in the large group of patients involved in the Sygen clinical trial. Hypotension and bradycardia were predominant in the initial postinjury period in individuals with severe SCI (ASIA A and B). Although significant hypotension was initially present in all groups of patients, the presence of neurogenic shock was significantly higher in patients with ASIA A and B. Finally, our study showed that presence of neurogenic shock was associated with delay in the time of surgical intervention in patients with SCI. In future studies, detailed documentation and evaluation of autonomic dysfunctions following SCI including cardiovascular instability could improve our understanding of the complexities of clinical presentations and possible outcomes following SCI.
